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Abstract UDC  551.435.82:528.8.044.6(439)
Tamás Telbisz, Tamás Látos, Márton Deák, Balázs Székely, 
Zsófia Koma & Tibor Standovár: The advantage of lidar digi-
tal terrain models in doline morphometry compared to topo-
graphic map based datasets – Aggtelek karst (Hungary) as an 
example
Doline morphometry has always been in the focus of karst geo-
morphological research. Recently, digital terrain model (DTM) 
based methods became widespread in the study of dolines. To-
day, LiDAR datasets provide high resolution DTMs, and auto-
mated doline recognition algorithms have been developed. In 
this paper, we test different datasets and a doline recognition 
algorithm using Aggtelek Karst (NE-Hungary) dolines as a case 
example. Three datasets are compared: “TOPO” dolines deline-
ated by the classical outermost closed contour method using 
1:10,000 scale topographic maps, “KRIG” dolines derived auto-
matically from the DTM created by kriging interpolation from 
the digitized contours of the same topographic maps, and fi-
nally “LiDAR” dolines derived automatically from a DTM cre-
ated from LiDAR data. First, we analyzed the sensitivity of the 
automatic method to the “depth limit” parameter, which is the 
threshold, below which closed depressions are considered as 
“errors” and are filled. In the actual case, given the typical do-
line size of the area and the resolution of the DTMs, we found 
Povzetek UDK  551.435.82:528.8.044.6(439)
Tamás Telbisz, Tamás Látos, Márton Deák, Balázs Székely, 
Zsófia Koma & Tibor Standovár: Prednost lidarskega digi-
talnega modela reliefa za raziskavo morfometrije vrtač v 
primerjavi s podatkovno bazo topografskih kart − primer 
Agteleškega krasa (Madžarska)
Morfometrija vrtač je bila vedno v središču kraških geomorfo-
loških raziskav. V zadnjem času so pri raziskavah vrtač postale 
zelo razširjene metode, ki temeljijo na digitalnem modelu re-
liefa (DMR). Lidarski podatki zagotavljajo visoko ločljivostne 
DMR-je, razviti so bili avtomatski algoritmi za prepoznavanje 
vrtač. V tem prispevku smo na primeru Agteleškega krasa 
v severovzhodni Madžarski preizkusili različne podatkovne 
baze in algoritme za prepoznavanje vrtač. Primerjali smo tri 
podatkovne baze: "TOPO" vrtače so razmejene na klasičen 
način z zunanjo zaprto plastnico na topografski karti v merilu 
1: 10.000, "KRIG" vrtače so v istem merilu s pomočjo kriginga 
samodejno pridobljene iz digitaliziranih plastnic DMR, in "Li-
DAR" vrtače so samodejno pridobljene iz DMR, ki je ustvar-
jen iz lidarskih podatkov. Najprej smo analizirali občutljivost 
avtomatske metode parametra "mejne globine", ki predstavlja 
prag, pod katerim se depresijske oblike štejejo kot "napake" in 
so zapolnjene. V konkretnem primeru smo glede na običajno 
velikost vrtače in ločljivosti DMR ugotovili, da je optimalna 
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INTRODUCTION
Dolines are the diagnostic landforms of karst landscapes 
as cited so many times (Ford & williams 1989). That is 
why the study of dolines is fundamental in karstology. 
Although there is an agreement in the basic types of do-
lines, there exist many categorizations of dolines princi-
pally based on their genesis (from Cvijič 1893 to Ford 
& williams 1989; Šušteršič 1994; Gams 2000; Čar 2001; 
Sauro 2003). The morphometrical description of dolines 
started by the work of williams (1971). Earlier morpho-
metrical studies used aerial photos and topographic 
maps as well as field measurements (Vincent 1987; Kem-
merly 1982, 1986; Mills & Starnes 1983; Bárány Kevei & 
Mezősi 1993). In many cases, the scale and quality of top-
ographic maps limit the lowermost detectable doline size 
and the fidelity of doline shape representation (cf. Day 
1983). On the other hand, field work is time consuming, 
that hampers the collection of bulk data appropriate for 
statistical analysis. It was an important step, when doline 
morphometry was integrated in a GIS framework (Orn-
dorff et al. 2000; Denizman, 2003; Angel et al. 2004; Gao 
et al. 2005), that helped the recognition of spatial pat-
terns and finding links between doline properties and 
other parameters, namely geology, structure (Faivre & 
Reiffsteck, 2002; Florea 2005; Telbisz et al. 2009, 2011; 
Pahernik 2012), glaciation (Plan & Decker 2006) or ur-
ban expansion (Brinkmann et al. 2008). 
Since the 2000s, digital terrain models (DTMs) 
were also increasingly used in karst morphological 
analysis. A special goal of using DTMs is to find an au-
tomatic (or semi-automatic) method to derive dolines 
directly from DTMs. Earlier studies applied mainly con-
tour-based DTMs (Telbisz et al. 2009; Pardo-Igúzquiza 
et al. 2013), or aerial stereo-photogrammetry (Zboray 
& Bárány Kevei 2004), but other data sources, such as 
SRTM or ASTER were also utilized for karst morphom-
etry (Carvalho et al. 2013). More recently, LiDAR-based 
DTMs proved to be very useful due to their unprece-
dented high resolution, which lead to a boom in doline 
morphometrical studies (Gostinčar 2013; Obu & Podob-
nikar 2013; Rahimi & Alexander 2013; Gallay et al. 2013; 
Kobal et al. 2015; Zhu et al. 2014; Bauer 2015). we note, 
that there is also a much cheaper, concurrent method, 
the SfM (structure from motion), which is suitable to 
create high resolution DTMs, in case the vegetation is 
sparse, however we do not know any published report 
about the use of SfM in doline morphometrical studies.
There are at least three substantial questions with 
LiDAR-based doline recognition methods. The first 
question is, how precisely these methods can delineate 
dolines, and discriminate karst depressions from other 
types of depressions (real or artificial). Second, whether 
the earlier morphological results (shape properties, den-
sity, etc.) are in agreement with the results of LiDAR-
based analysis. Third, what are the points, where we can 
expand our knowledge about doline morphology due 
to this new technology. Thus, the aim of this study is to 
present an automatic doline delineation method and an-
swer these questions using the Aggtelek Karst as a case 
example. 
that ca. 0.5 m is the optimal depth limit for the LiDAR data-
set and 1 m for the KRIG dataset. The statistical distributions 
of the morphometrical properties were similar for all datasets 
(lognormal distribution for area and gamma distribution for 
depth), but the DTM-based methodology resulted larger do-
lines with respect to the classical method. The planform area 
(and related characteristics) showed very high correlations be-
tween the datasets. Depth values were less correlated and the 
lowest (moderately strong) correlations were observed between 
circularity values of the different datasets. Slope histograms 
calculated from the LiDAR data were used to cluster dolines, 
and these clusters differentiated dolines similarly to the classi-
cal depth-diameter ratio. Finally, we conclude that in the actual 
case, dolines can be morphometrically well characterized even 
by the classical topographic method, though finer results can 
be achieved for the depth and shape related parameters by us-
ing LiDAR data.
Key words: doline morphometry, LiDAR, interpolation, slope 
histogram, sink point.
 
globinska meja za LiDAR ca. 0,5 m in 1 m za KRIG. Pri vseh 
podatkovnih bazah so bile statistične porazdelitve morfome-
trijskih lastnosti (logaritemska normalna porazdelitev za pro-
stor in gama porazdelitev za globino) podobne, vendar meto-
dologija, ki temelji na DMR privede do rezultatov, ki kažejo na 
večje vrtače v primerjavi s klasično metodo. Rezultati območij 
vrtač (in njihovih značilnosti) so pokazali zelo visoke korelacije 
med podatkovnimi nizi. Pri globinah so bile korelacije manjše 
in najnižje zabeležene korelacije (srednje močne) so bile med 
podatki različnih podatkovnih bazah. Histogrami naklona, iz-
računani iz lidarskih podatkov, so bili uporabljeni za združeva-
nje vrtač, in ti grozdi razlikujejo vrtače glede na klasično raz-
merje med globino in premerom. Na koncu smo ugotovili, da 
lahko v konkretnem primeru dobro določimo morfometrične 
lastnosti vrtač s klasičnimi topografskimi metodami. Podrob-
nejše rezultate o globinah in oblikah lahko dosežemo na podla-
gi lidarskih podatkov.
Ključne besede: morfometrija vrtač, LiDAR, interpolacija, hi-
stogram naklona, ponor.
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STUDy AREA
The Aggtelek Karst is found in the north-eastern part of 
Hungary. It is mainly a hilly region, the highest point be-
ing only 604 m a.s.l. (Fertős-tető), but the relief is vari-
egated (steep slopes, plateaus) due to karst features. Do-
lines are found both on the plateaus and in the valleys. Its 
cave systems together with the caves of Slovak Karst are 
part of the world Heritage. The karst terrain is predomi-
nantly built up of middle and upper Triassic karstifiable 
rocks (wetterstein Limestone and Dolomite, Gutenstein 
Limestone and Dolomite, Steinalm Limestone; Less 
1998). There were several paleokarst phases during the 
Cretaceous and early Tertiary, but most of the area was 
covered by non-karstic sediments during the Miocene. 
Since that time, the uplift of the Carpathians resulted that 
the still covered karst area became a pediment surface, 
and a valley network was formed on it (Zámbó 1998; 
Gaál & Bella 2005; Petrvalská 2010a; Telbisz 2011). As 
the uplift continued, more and more parts of the karst 
terrains were exhumed since the Pliocene, and some of 
the valleys were inherited on the karst surface and do-
lines were formed in these valleys from stream sinkpoints 
(Jakucs 1956; Hevesi 1991; Móga 1999). Morphometry 
of Aggtelek Karst dolines have been studied by Mezősi 
(1984), Bárány-Kevei & Mezősi (1993), Telbisz (2001) 
and Veress (2008). Dolines of the neighbouring Slovak 
Karst were also in the focus of morphometrical studies 
(Petrvalská 2010b, 2012). Aggtelek Karst Dolines are al-
most exclusively of solutional origin, no collapse forms 
or subsidence dolines are present. Most of the dolines are 
covered with thin soil layer (with remnants of terra rossa 
type material at many sites), but doline fills may reach 
5−10 m at depression centres (Zámbó 1998). At the foot 
of karst plateaus, some depressions are formed around 
sinking streams.
The present study area (Fig. 1) is 144.5 km2 includ-
ing most part of Aggtelek Karst (except the easternmost 
Szalonna Karst, where LiDAR data were not available). 
About half of this (73.1 km2) is the doline-dotted sur-
face, for which the doline densities were calculated. This 
doline-dotted surface consists of 10 units. Further on, 
we note that dolines almost exclusively occur on terrains 
with less than 10° mean slope, which represents 64.5 % 
of the above mentioned doline-dotted surface units.
DATA AND METHODOLOGy
fig. 1: The study area with the LiDAR-based dolines. Doline-dotted surface units (0-9) are delineated. Doline colours are according to 
slope-based clustering (for further explanation see the Results / Clustering section and Table 4). S1: sample area 1; S2: sample area 2 in 
fig. 3.
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TOPOGRAPHIC MAP BASED DOLINE 
DELINEATION
In Hungary, there are good quality 1:10,000 scale topo-
graphic maps (FÖMI 2003). Our field experiences con-
firmed that dolines of Aggtelek Karst are well represented 
on these maps because doline sizes are typically on the 
1000 m2 scale (95 % of dolines are larger than 433 m2), 
and we found that almost all dolines are marked in the 
maps. Here we note, that in case of other karst terrains, 
where dolines are smaller, even the 1:10,000 scale maps 
may lack a significant proportion of dolines.
we digitized dolines from these topographic maps 
using the classical outermost closed contour line method 
(like in Bauer 2015). In the comparison, these data were 
considered as a reference. we also digitized doline cen-
tres, and depth values were calculated as the difference 
between the elevation of the outermost contour and the 
elevation of the centre point. Later on in this paper, data 
derived manually from the topographic maps are re-
ferred to as “TOPO”.
DTM-BASED DOLINE DELINEATION
Closed depressions frequently occur in DTMs usually 
called as sinks, or pits. In case of non-karst terrains, these 
are mostly errors due to interpolation or low resolution. 
Thus, when DTMs were first utilized to create hydro-
graphic networks, algorithms were elaborated to remove 
these pits by filling the closed depressions up to the level 
of the lowermost point of their rim (Jenson & Domingue 
1988; Quinn et al. 1991). However, in case of karst, there 
is a large number of natural closed depressions. Thus, the 
above algorithms can be smartly used to identify sinks and 
fill only the DTM artefacts. It can be done by determin-
ing a depth limit and filling only the depressions, which 
are shallower than this limit. However, the choice of this 
limit is not unambiguous; we will discuss this question 
later. we carried out the analysis by ESRI ArcGIS 10.1 
software, and our method is similar to the methodology 
used by the authors mentioned in the Introduction. Here 
we present the steps of the doline delineation algorithm 
using ESRI terminology (Fig. 2).
1.    Smoothing of small errors by the application of a 
mean filter (“focal statistics”; applied only for the 
LiDAR DTM, using a 5-cell radius circular filter).
2.    Filling of sinks (using different depth limits), the re-
sult is the “sink-filled DTM”.
3.    Determination of flow directions based on the sink-
filled DTM.
4.    Identification of the remaining sinks (deeper than the 
depth limit). A somewhat surprising result of this al-
gorithm that sink points are usually found in pairs, 
but it does not cause a problem, because paired sink 
points have the same ID.
5.    Delineation of watersheds using the remaining sink 
points.
6.    Filling of the depressions up to the level of the lower-
most point of their rim (“zonal fill”)
7.    Calculation of the difference between the zonal-filled 
DTM and the sink-filled DTM (“depression depth”).
8,    Areas with larger than zero difference are defined as 
dolines.
9.    Dolines are converted to polygons for further analy-
sis.
10.  Doline geometrical properties (area, perimeter) are 
determined by standard methods (“calculate geo-
metry”), other properties (length, width, axis orienta-
tion) by “zonal geometry”, which uses a fitting ellipse 
method. The 10th step is equally applied to the TOPO 
dataset.
fig. 2: flow chart of doline delinea-
tion algorithm. r: raster; shp: shape 
format.
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RESULTS AND DISCUSSION
SENSITIVITy OF THE DOLINE RECOGNITION 
METHOD TO THE DEPTH LIMIT
Running the algorithm on the raw DTMs, we got 29,297 
sinks for LiDAR and 1756 sinks for KRIG. It is why we ap-
plied first a smoothing filter for the LiDAR DTM. There-
after, we changed the depth limit from 0.25 m to 1.5 m at 
0.25 m increments. Our results (Tab. 1, Fig. 3) show that 
the number of depressions (hence the calculated doline 
densities) decreases as the depth limit increases, but this 
decrease is steeper in case of KRIG DTMs. The number 
DTM DATA SOURCES
First, we used all digitized contour lines from the 1:10,000 
scale topographic maps and interpolated a 10 m cell size 
DTM using kriging algorithm (with a simple linear vario-
gram model). Kriging is able to calculate elevation values 
out of the data elevation range, which is very reasonable 
at convex summits and ridges and also in valley bottoms. 
However, depending on the compound geometry of con-
tour lines, the interpolation process may result artefacts, 
namely holes at the valley bottoms. It must be taken into 
consideration when dolines are delineated. Hydrologic 
enforcing interpolation algorithms cannot be used in 
our case because they would fill natural sinks (dolines) as 
well. The above presented doline recognition algorithm 
was applied for the DTM created by kriging; data derived 
from this DTM are hereafter referred to as “KRIG”.
Second, a LiDAR DTM was created of LiDAR data. 
The data acquisition was carried out in August 2013 by 
Envirosense Hungary Ltd ordered by Aggtelek National 
Park, using Leica ALS-70 HP (LiDAR) and Leica RCD 
30 RGBN (supporting camera). For preprocessing, 
classification and interpolation of the leaf-on raw data 
OPALS software (Mandlburger et al. 2009; Otepka et al. 
2012; Pfeifer et al. 2014) was used. Ground points were 
selected by robust filtering (with resulting point density 
2 points/m2) and interpolated to create a 2.5 m/px reso-
lution DTM to cope with the lower density of ground 
points due to the leaf-on data. As for the interpolation, 
we used the moving plane algorithm of OPALS, that is 
a quick gridding method applicable for handling large 
amount of LiDAR data points. The interpolation result-
ed in some missing data patches, but mainly on steeper 
slopes and valley sides, therefore doline calculation is 
not considerably affected by this error. In order to cor-
rect small errors and to fill pixel-size gaps, a 5-pixel me-
dian filter was applied at first pass, and a 15-pixel median 
filter at second pass. The doline recognition algorithm 
was applied to the LiDAR-derived DTM; these dolines 
are hereafter referred to as “LiDAR” dataset.
Tab. 1: Statistics of depression numbers with changing depth limit (gray marks the depth limit accepted as optimal). It is noted that 
when two small DTM-derived dolines are found in one TOPO doline (see fig. 3c), then both DTM-derived dolines are accepted as TPs. 
Due to similar configurations, the sum of TP and fN is not exactly the same for all rows.
DTM Depth limit (m)
Number of 
depressions 
Resulted doline 
density (km-2)
in TOPO & in DTM 
(TP)
in DTM, not in 
TOPO (FP)
in TOPO, not in 
DTM (FN)
KR
IG
0.25 1391 15.2 1056 335 63
0.50 1258 14.5 1025 233 76
0.75 1176 14.0 998 178 93
1.00 1115 13.6 981 134 103
1.25 1043 13.1 948 95 126
1.50 996 12.6 920 76 146
Li
D
AR
0.25 1235 16.1 1088 147 65
0.50 1167 15.5 1070 97 70
0.75 1111 14.9 1044 67 82
1.00 1040 14.0 996 44 107
1.25 1037 14.0 996 41 110
1.50 1005 13.6 972 33 124
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of depressions existing in the DTM but not found in the 
TOPO reference data (Type I error, false positives, FP) 
also decreases with growing depth limit, and this gap 
between the DTM-derived and the reference TOPO 
data is circa 2.5 times higher in case of KRIG. On the 
other hand, the number of properly recognised dolines 
(true positives, TP) also decreases with increasing depth 
limit. Unfortunately, the Type II error, the number of 
TOPO dolines unidentified by the DTM-based method 
(false negatives, FN) increases with growing depth limit. 
Therefore, there is not an absolutely optimal solution in 
choosing the depth limit. 
we think that the high number of false negatives is 
less favourable, because this way we lose a certain num-
ber of dolines from the morphometrical analysis. Fur-
thermore, the false positives can be filtered out using 
other methods in a later step. This exclusion can be done 
based on morphometrical properties of FPs (Carvalho 
et al. 2013; Zhu et al. 2014) or by delineating terrains 
where karst dolines may occur (area of interest), exclud-
ing FP depressions where dolines do not exist (Carvalho 
et al. 2013).
Taking into consideration these facts and options, 
we selected 1 m as the best depth limit for KRIG DTM, 
and 0.5 m as the best depth limit for LiDAR DTM. 
Further on, we applied the second option, that is, we 
delineated the doline-dotted areas of Aggtelek Karst, 
and in the further analysis we used only dolines found 
in these areas. In fact, some dolines do exist out of 
these areas, but in a very limited number. On the con-
trary, a large number of false dolines are found out of 
these areas, especially at valley bottoms (Fig. 4), due 
to interpolation errors, but also there are some true 
depressions which are of non-karstic origin. The do-
line densities of the final selection are slightly higher 
for the LiDAR dataset (15.5 km−2) and slightly lower 
for the KRIG dataset (13.6 km−2) with respect to the 
TOPO dolines (14.7 km−2).
fig. 3: Number of true and false dolines as a function of depth limit (TP: true positive; fP: false positive; fN: false negative).
fig. 4: Comparison of doline delineations on two map excerpts (S1 and S2 in fig. 1). blue: LiDAR; crosshatched: KRIg; red outline: 
TOPO. A: doline not recognised by LiDAR; B: doline not recognised by TOPO; C: doline divided into two by LiDAR. D: two dolines 
merged by LiDAR; E: false doline at valley bottom.
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Two sample maps are presented to compare how 
the different methods delineate dolines (Fig. 4). It is ob-
vious that LiDAR and TOPO shapes are finer than KRIG 
dolines, but in general, doline locations and forms are 
quite similar to each other. At some places, it occurs that 
a single TOPO doline is divided into two dolines in the 
DTM-derived datasets, and one can find examples for 
the opposite, too. Some small size dolines are missing 
from either the TOPO, or the KRIG or the LiDAR data-
set. Nevertheless, these configurations are infrequent.
STATISTICAL COMPARISON OF DOLINE 
POPULATIONS
Standard statistics of doline morphometric properties 
can be seen in Tab. 2. These values were calculated taking 
into consideration all dolines found on the doline-dotted 
areas. In addition, we spatially joined dolines of the dif-
ferent databases and calculated linear correlations be-
tween the joined doline datasets. These correlations are 
presented for all pairs (TOPO–KRIG, TOPO–LiDAR, 
KRIG–LiDAR) in Tab. 3. Finally, the orientation of doline 
axes were calculated and presented in rose diagrams.
The planimetric area (simply “area” in the fol-
lowings) is one of the most important measures of do-
lines. The statistical distribution of area usually follows 
a lognormal distribution, i.e. the logarithm of area is 
normally distributed (Telbisz 2001; Gao et al. 2005; 
Plan & Decker 2006; Telbisz et al. 2011). The lognor-
mal distribution is the typical outcome of processes in 
which relative growth rate is independent of size. In 
the present study also, we found that area distributions 
are lognormal for TOPO, KRIG and LiDAR data alike 
(Fig. 5). It is confirmed by the Kolmogorov–Smirnov test 
as well (DNTOPO=0.0311, PTOPO=0.2490; DNKRIg=0.0169, 
PKRIg=0.9393; DNLiDAR=0.0169, PLiDAR=0.9099, all P-values 
are greater than 0.05, which means that the distributions 
can be adequately modeled by a lognormal distribution). 
Although the distributions are similar, there are certain 
differences in the distribution parameters: the TOPO 
dolines are significantly smaller then DTM-based do-
lines. It is due to the fact that the outermost closed con-
tours define a lower elevation than the lowermost point 
of the edge of the closed depression, therefore the out-
ermost closed contours encompass a smaller area than 
Tab. 2: Most important statistics of doline features. The number of included dolines are: 1074 for TOPO, 995 for KRIg and 1136 for 
LiDAR.
 
 
TOPO LiDAR KRIG TOPO LiDAR KRIG
AREA (m²) LENGTH (m)
Average 5962 6415 7295 91 95 104
Median 3304 3760 4236 76 81 87
Standard deviation 10089 10136 12472 62 60 66
Minimum 100 167 68 13 18 9
Maximum 200243 196509 250219 811 819 887
Skewness 126 124 133 42 46 44
 DEPTH (m) DEPTH/DIAMETER
Average 7.1 7.8 8.7 0.09 0.10 0.10
Median 6.5 6.7 7.5 0.09 0.10 0.10
Standard deviation 5.4 5.3 5.9 0.05 0.04 0.05
Minimum 1.0 0.6 0.2 0.01 0.01 0.01
Maximum 35.0 30.3 32.9 0.41 0.27 0.61
Skewness 17.1 15.4 12.7 14.06 3.99 17.17
 ELONGATION CIRCULARITY
Average 1.50 1.46 1.53 0.90 0.87 0.77
Median 1.39 1.37 1.41 0.93 0.89 0.78
Standard deviation 0.44 0.36 0.45 0.10 0.09 0.09
Minimum 1.01 1.01 1.00 0.29 0.31 0.37
Maximum 6.22 4.01 5.14 0.99 0.98 0.94
Skewness 41.33 27.68 33.11 -29.28 -26.90 −14.39
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the dolines delineated by using the fill method. Further 
on, KRIG dolines are even larger than LiDAR dolines. 
It is the result of grid resolution, because there are much 
tinier dolines in the LiDAR data, which reduces both 
the median and mean values. As for the spatially joined 
dolines, we found close linear correlations (r>0.925 for 
all pairs) between area values, which means that each 
method is almost equally appropriate for calculating 
planimetric area.
In each database, perimeter, length and width are 
in close multiplicative relationship with area (r>0.98). 
It is due to the fact that most dolines have a relatively 
simple elliptical or subcircular shape. Consequently, the 
above area statements (lognormal distribution, etc.) are 
more or less true for these parameters as well. Neverthe-
less, these characteristics (perimeter, length, width) are 
less robust; therefore the correlations between the joined 
doline datasets are slightly lower for these parameters 
(r≈0.9).
Depth is also a measure of doline size. At first, it 
looks natural that when conditions are similar, solution 
dolines may grow proportionally into horizontal and 
vertical dimensions. However, it is experienced, that cor-
relation between area and depth is usually smaller (in the 
present case, r=0.74 for LiDAR dolines). Moreover, the 
distribution of depth is not lognormal, but a gamma-type 
distribution (Fig. 6) confirmed by the Kolmogorov–Smir-
nov test (DNTOPO=0.1541, PTOPO=0.000; DNKRIg=0.0414, 
PKRIg=0.0667; DNLiDAR=0.0231, PLiDAR=0.5772, P-values 
for KRIG and LiDAR are greater than 0.05, which means 
that the distributions can be adequately modeled by a 
gamma distribution). Here again, DTM-derived dolines 
are deeper for the same reasons as their areas are larg-
er. It is less obvious why KRIG dolines are significantly 
deeper than LiDAR dolines. The key is the kriging in-
terpolation, which overdeepens the closed depressions 
resulting larger depth values. Another reason is that 
LiDAR data contain more small dolines. Evidently, we 
can accept the LiDAR depth as the best approximation 
of doline depth, because of measured point density and 
better grid resolution. Moreover, data reality is also re-
flected in the smoothest depth quantile curve of LiDAR. 
The staircase-like distribution of TOPO depth is due to 
the fact that doline depth read from topographic maps is 
quantized by the contour interval, it is why the K-S test 
rejects the gamma distribution for TOPO depth. As for 
Tab. 3: Linear correlations between spatially joined doline datasets.
 Parameter TOPO–KRIG TOPO–LIDAR KRIG–LIDAR
HORIZONTAL SIZE
Area 0.9250 0.9438 0.9369
Length 0.8799 0.9143 0.8993
Perimeter 0.8907 0.9189 0.9179
VERTICAL DIMENSION
Depth 0.8971 0.8652 0.8764
Depth/diameter 0.8392 0.7428 0.7700
SHAPE
Circularity 0.4955 0.7457 0.5689
Elongation 0.6470 0.7425 0.6927
fig. 5: Cumulative distributions 
of doline area.
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the joined dolines relationship strengths, we get slightly 
lower correlations, than in the previous cases, but these 
values are still relatively high (r≈0.87), meaning that in 
spite of the above differences, depth can be satisfactorily 
determined by any of the methods if one takes into con-
sideration the limitations of TOPO or KRIG datasets. On 
the other hand, depth-diameter ratios, which reflect the 
vertical proportions of dolines are less reliable in case of 
TOPO or KRIG, since correlations with LiDAR data are 
lower (r≈0.75). Here we note that depth-diameter ratios 
are important in discriminating dolines by their genesis 
(cf. Ford & williams 1989).
Another group of morphometric parameters is in 
connection with the planimetric shape of dolines. Elon-
gation, i.e. length-width ratio, simply expresses how 
elongated a doline is. It is very common that dolines are 
elongated along tectonic fractures, but in some cases 
doline elongation is determined by the antecedent val-
leys, which in turn can be constrained by the general-
ized aspect of the trend surface. As for elongation, the 
empirical distributions and the main statistics are quite 
similar using any of the methods. However, when joined 
dolines are considered, the correlations are only moder-
ately strong (r between 0.64 and 0.74).
Circularity (C) relates the same area circle perim-
eter to the actual perimeter. It is calculated by the fol-
lowing formula: C=4∙π∙Area / Perimeter2. Circularity is a 
more compound shape factor than elongation, because 
it is sensitive to both ellipticity and the tortuosity of the 
outline. Its value is 1 for a circle and smaller for elon-
gated and indented shapes. This characteristic shows the 
largest differences (Fig. 7). Both distributions are quite 
different from each other, and the correlations between 
the joined datasets are the weakest (r between 0.5 and 
0.75). TOPO dolines are the most circular that is obvi-
ously a matter of cartographic smoothing. On the other 
hand, KRIG dolines have a more angular shape due to 
the lower resolution of the KRIG DTM with respect to 
fig. 6: Cumulative distributions 
of doline depth.
fig. 7: Cumulative distribution of 
doline circularity.
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LiDAR DTM, which results that the circularity of KRIG 
dolines is unrealistically low. Thus, we argue that the Li-
DAR has a great advantage in the precise characteriza-
tion of planimetric shape.
The orientations of doline long axes were compared 
by rose diagrams (Fig. 8). In this case, only dolines with 
elongation greater than 1.2 were taken into account. The 
rose diagrams demonstrate that the orientation of do-
lines are similar for all datasets with a peak at around 
350°, and a secondary peak at around 300°, which con-
form in general to tectonic directions (Bárány-Kevei & 
Mezősi 1993) and to the general aspect of plateaus (Tel-
bisz 2010). Minor differences are that the main peak is 
more to the north in KRIG, and the secondary peak is 
hardly visible in TOPO.
CLUSTERING OF DOLINES By SLOPE 
CHARACTERISTICS
Slope histograms provide a characteristic fingerprint of 
landforms, and are suitable for landform classification, as 
well as for object recognition (Favalli et al. 1999, Székely 
et al. 2002, Podobnikar & Székely 2015). DTM-derived 
slope values are dependent on grid resolution (Kienzle 
2004), thus the high resolution LiDAR dataset is prefer-
able in slope histogram calculation. In the followings, we 
represent how the LiDAR dataset can be used for a slope 
analysis of doline morphometry. However, this analy-
sis is shown very briefly due to the limitations of paper 
length.
First, we determined slope histograms for all do-
lines using 1° class intervals. Second, we ran a hierarchi-
cal cluster analysis for doline slope histograms. Based on 
the dendrogram, we determined 9 classes. The main pa-
rameters and the mean slope histograms of the resulted 
clusters are presented in Tab. 4 and Fig. 9.
Before examining the clusters, we note that most 
dolines of Aggtelek Karst are of solution origin. How-
ever, there are several factors, which cause differences 
in doline forms, namely, whether the doline is found on 
a plateau or in a valley (Bárány-Kevei & Mezősi 1993), 
fig. 8: Rose diagrams of doline long axes.
Tab. 4: Main parameters of doline clusters based on slope distributions.
Cluster Id Number of dolines Area Median (m²)
Slope histogram
Mode Kurtosis
cl1 64 2046 2° mesokurtic
cl2 27 1371 2° leptokurtic
cl3 342 3753 10° platykurtic
cl4 525 4353 18° platykurtic
cl5 137 1933 5° mesokurtic
cl6 5 6436 1° leptokurtic
cl7 56 2138 8° mesokurtic
cl8 4 2161 2° platykurtic
cl9 6 1562 3° leptokurtic
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CONCLUSIONS
The automated doline delineation method performed 
well in this study area for both the KRIG and the LiDAR-
derived DTMs. However, the depth limit influences the 
number of closed depressions, and the optimal thresh-
old depends on the actual terrain characteristics. Here, 
in this study, 0.5 m for the LiDAR and 1 m for the KRIG 
dataset proved to be the optimal threshold when we com-
pared our data to the reference TOPO dataset.
In general, the morphometrical distributions were 
similar for all datasets, but the DTM-based methodology 
resulted larger dolines with respect to the classical out-
ermost closed contourline method. The area-dependent 
characteristics (length, width, perimeter) resulted very 
high correlations between the joined datasets. However, 
depth parameters were less correlated and the worse cor-
relations (being still moderately strong) were observed 
between circularity values of the different datasets.
Slope histograms calculated from the LiDAR data 
resulted a meaningful clustering of dolines and these 
clusters were in close relationship with the distribution 
of the classical depth-diameter ratio.
Summing up, it is concluded that the present 
study area (and other karst terrains with similar sized 
dolines and good quality, 1:10,000 scale maps) can be 
the relative elevation with respect to the karst water ta-
ble, the clayey fill within the dolines (Zámbó 1998), the 
nonkarstic neighbourhood with allogenic water recharge 
(Jakucs 1956), the dip of limestone strata, etc. The spatial 
pattern of clusters is in connection with these factors.
The three most populated clusters are 3, 4 and 5. 
Cluster 4 contains dolines with the steepest slopes. Based 
on the histograms (Fig. 9), we can state that the typical 
hillslopes of these vertically well-developed dolines are 
18°. The other more populated clusters include dolines 
with gentler typical hillslopes: 10° for cluster 3, and 5° for 
cluster 5. Considering the spatial distribution of clusters, 
one can observe that the most homogeneous part is Unit 
6 (the eastern part of Alsó-hegy), where the steep-sided 
cluster 4 dolines are the most widespread. It is due to the 
fact, that this plateau is the most elevated (in the local 
context), with clear tectonic boundaries, with high dip 
angle strata, and the karst water table is relatively deep 
with respect to the surface. The effect of the former val-
ley network on doline evolution is less significant here. 
Consequently, the deepening of dolines was relatively 
fig. 9: Slope histograms (left panel) and box-whisker plots of depth-diameter ratios (right panel) of doline clusters (cf. Table 4).
intense in this area. The same is true for the southern 
part of Unit 2 (Nagyoldal). On the contrary, the most 
heterogeneous part is Unit 8 (Jósvafő plateau), a partly 
closed basin (supposed to be a polje in an earlier geo-
logic period), which has a hydrographic exit today. It is 
at low elevation, close to the karst water table, segmented 
by several dry valleys. These factors led to the formation 
of variegated morphometric doline types. A large num-
ber of relatively low slope dolines (of clusters 1, 2 and 5) 
are found in Units 3 and 4, where dolomitic formations 
are present, and at the margins of the karst, where the 
allogenic discharge was more important during recent 
landform evolution.
It is remarkable that this clustering well differenti-
ates dolines by their depth-diameter ratios as testified by 
Fig. 9, which shows the strength of this classical doline 
morphometrical parameter. However, as it was demon-
strated in the previous subchapter, the LiDAR has its 
advantages in the calculation of depth-diameter ratios, 
too.
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